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separately is reported at low Reynolds number (Re= 40). The variation of thorn length (l0 = 0.2,
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stress, boundary layer as well as on the inertia force and viscous force are of interest. There is com-
paratively large variation on drag when the thorn is placed at the front side instead of placing at
rear. The recirculation length is remained constant by varying the length and inclination of the
thorn irrespective of its position. The variation of drag is comparatively less by changing thorn
inclination. It is found that the drag is minimized by 2–3% compared to square model.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
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The ﬂow around bluff bodies has been the subject of intense
research, mainly having the immense application on structural
design, ﬂow induced vibration, heat exchanger tube bundle,
risers in marine technology, road vehicles, buildings and
bridges. Their wakes can generate large unsteady forces which
have the potential to violently damage the structural integrity
of the bluff body. For this reason, many methods have been
proposed over the recent years to control the wake vortex
dynamics with the aim of weakening the vortex shedding andreducing the amplitude of the ﬂuctuating lift as well as the drag
[1,2].
The incompressible ﬂow past a stationary cylinder is a very
important problem in ﬂuid mechanics. The vast majority of the-
se studies have been carried out for the ﬂow past a circular
cylinder and square cylinder. When the different shaped cylin-
ders are exposed to cross ﬂow the separation takes places from
the upper and lower portion of the body. Due to instability the
phenomenon of vortex shedding develops known as von
Karman Vortex Street.Most of the studies of ﬂow past over
cylinder were concerned with the circular cylinder case under
free ﬂow conditions. The aerodynamic behavior by ﬂowing of
ﬂuid over a body [3], is one of the most important concerns
regarding the ﬂow behavior. The effect of aspect ratio for a cir-
cular cylinder at low Reynolds number using ﬂow visualization
has been studied [4]. They reported a discontinuity in the
Strouhal number in the Reynolds number range (64–130) for
an aspect ratio greater than 60. They concluded that there is
a stabilization effect on the wake for a small aspect ratio
Nomenclature
B blockage ratio (D/H)
Cd coefﬁcient of drag (dimensionless)
CL coefﬁcient of lift (dimensionless)
Cp pressure coefﬁcient (dimensionless)
Cf skin friction coefﬁcient
D width of the square cylinder (m)
FD drag force acting on the cylinder (N/m)
FL lift force acting on the cylinder (N/m)
Lr recirculation length (m)
Ld downstream face distance of the inlet from the
cylinder center (m)
Lu upstream face distance of the inlet from the cylin-
der center (m)
L length of thorn (m)
l0 nondimensional thorn length (L/D)
Re Reynolds number (=qU1Dl ) (dimensionless)
Rex local Reynolds number at horizontal axis (x)
ReX ¼ qux Xl
 
Rey local Reynolds number at vertical axis (y)
ReY ¼ qvYYl
 
U1 free stream velocity (m/s)
x, y cartesian coordinates
p1 free stream pressure
u, v velocity components in x and y directions (m/s)
Greek symbols
H triangular thorn angle
q density
d boundary layer thickness
Subscript
1 free stream
930 P. Dey, A.Kr. Dascylinder & the wake width increases with a reduction in aspect
ratio. An experimental investigation [5] of ﬂow Past a Square
Cylinder at an Angle of Incidence for four cylinder orientation
angle (0, 22.5, 30, and 45) and two aspect ratios (AR = 16
and 28) is conducted. A minimum in the time-averaged drag
coefﬁcient and maximum Strouhal number are seen at 22.5
reported. Therefore a remarkable drag reduction is found by
changing the orientation of the cylinder. Based on a combina-
tion of numerical, theoretical and experimental studies, differ-
ent ﬂow regimes for the square cylinder have been identiﬁed
in the literature depending upon the value of the Reynolds
number [6–11]. The main ﬂow regimes reported to date are as
follows: a creeping ﬂow region in which no ﬂow separation
takes place at the surface of the cylinder ðRe 6 1Þ. At low
Reynolds numbers (2 < Re< 60), a closed steady recircula-
tion region characterized by the formation of two symmetric
vortices behind the bluff body is observed. The most relevant
feature of the ﬂow, at moderate values of the Reynolds number,
e.g. at a Reynolds number (based on the external velocity and
cylinder diameter) close to 50, is the instability of the symmetric
wake and the onset of a time-periodic regime characterized by
alternate vortex shedding, known as the von Karman vortex
street, whose dimensionless period depends on the Reynolds
number. By further increasing the Reynolds number a transi-
tion to three-dimensional ﬂow occurs around the value 180
[12–15]. The transition from two dimensional to three dimen-
sional occurs at a cylinder-based Reynolds number above
approximately 180 (in ideal conditions the critical value is
about 194) [12].
The laminar ﬂow past a square cylinder based on two dif-
ferent methods: lattice-Boltzmann and ﬁnite-volume method
for a ﬁxed blockage ratio B= 1=8 & the Reynolds number
range, 0:5 6 Re 6 300, [16] with the conclusion for steady
ﬂow (Re< 60) excellent agreement between the lattice-
Boltzmann Algorithm (LBA) and Finite Volume Method
(FVM) results was found for the length of the recirculation
region.The increment of drag coefﬁcient & Strouhal number and
decrement of the root-mean-squared lift coefﬁcient are affected
by the smaller gaps of parallel wall of the domain when a cir-
cular cylinder placed centrally inside a channel [17]. The devel-
opment of three-dimensional structures and the succeeding
transition to turbulence occurs in the wake of a circular cylin-
der at Reynolds numbers 190 6 Re 6 330. This regime is inves-
tigated numerically by means of a spectral element method
[18]. A simple method for the numerical simulation of bluff
body ﬂows where the solid object is represented by a distribut-
ed body force in the Navier–Stokes equations is studied [19].
They concluded that the main advantage of this embedding
method is that the computations can be affected on a regular
Cartesian grid, without the need to ﬁt the grid to the bluff
body surfaces. The ﬂow past ﬁnite circular cylinders for
Reynolds numbers 40 and 70 were simulated by numerical
solutions of the incompressible Navier–Stokes equations [20].
They have simulated the pyramidal wake and the three-
dimensional von Karmen vortex street. Steady ﬂow over a
square cylinder at low Reynolds number is studied numerically
using ﬁnite element method [21] and they reported for the ﬁrst
time, values of the laminar separation Reynolds number, Res,
and separation angle at Res.
The methods of splitter plate [23,24] and base bleed [25] for
reducing drag of bluff bodies have been successfully used. The
reduction of base drag has been executed due to the increase in
the formation length which results in a reduction of the suction
near the base of the cylinder. A remarkable drag reduction of
square cylinder at different Reynolds numbers has been found
by acquainting wavy stagnation face [1]. At Re= 40, a 3%
drag reduction has found whereas at Re= 500, 34% drag
reduction was observed which was due to increase in drag of
the nonwavy cylinder. A sufﬁciently high waviness is impul-
sively introduced resulting in the stabilization of the near wake
to a time-independent state. The proposed wavyness on the
square cylinder affects on the redistribution of vorticity which
leads to the breakdown of the unsteady and staggered Karman
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[2]. A percentage reduction on drag at Re= 100 is 16%
observed. An experimental analysis of drag reduction by using
grooves over a circular cylinder has been studied [26] and
found a signiﬁcant reduction on drag even at very shallow rela-
tive groove depths. An introduction of control plate in front a
square cylinder to reduce drag over a range of Reynolds num-
ber 50–200 has been presented [27] and found an active effect
on drag reduction. Different methods such as endplate, con-
trols of ﬂow, splitter plate, secondary cylinder in the wake
and a vertical plate placed upstream of the body are used to
control the vortex shedding [28–30]. Although, the different
methods implemented are being the controlling of the ﬂow
or modifying the body or introducing a secondary body in
the upstream or downstream. Here, the present work is carried
out by introducing an external solid portion attached with the
body.
The present work is carried out numerically to study the
effect of extended triangular solid with square cylinder on
drag, pressure coefﬁcient, local Re and boundary layer at
Re= 40 for l0 = 0.2, 0.4 & 0.6 and H= 5, 10, 15 & 20.
So far, to the best of the author’s knowledge, this study of ﬂow
over extended solid attached to cylinder is the ﬁrst of its kind.
The main purpose of the present work was (i) to obtain the
knowledge about the effect of extended solid portion, (ii) also
to obtain the effect of extended solid on the drag, pressure
coefﬁcient, local Re and boundary layer and (iii) to acquire
knowledge about the distribution of local Re on the wake
region. A brief review of the current computational conﬁgura-
tion is discussed in Sections 2, 3, 4 and 5. Section 6, provides
the validation knowledge whereas the brief discussion about
the numerical results is stated in Section 7.2. Geometrical conﬁguration
The system of interest here is to study the behavior of the ﬂow
past over a triangular extended solid attached to square cylin-
der placed in a channel on the center-line (Fig. 1). The square
cylinder of side D with extended triangular solid of non-
dimensional length (l0 = L=D) = 0.2, 0.4 & 0.6 of angle 5,
10, 15 & 20 is held in a channel subjected to an upstream
steady laminar ﬂow of x-velocity, u ¼ U1 (free stream velo-
city). The aim is to simulate an inﬁnitely long channel; howev-
er, the computational domain has to be ﬁnite. The distances of
the upstream and the downstream boundaries from the center
of the cylinder are Lu = 10D and Ld = 40D. The distance
between the upper and lower side-walls, H is speciﬁed accord-
ing the blockage ratio (D=H= 0.05) [21,22].Figure 1 A schematic diagram3. Mathematical formulation
For the incompressible, 2-D steady laminar ﬂow across the
square cylinder with extended solid (thorn), the dimensionless
forms of the continuity, the x and y components of the Navier–
Stokes equation, assuming negligible dissipation, in a rectan-
gular co-ordinate system are given below:
Continuity Equation:
@u
@x
þ @v
@y
¼ 0 ð1Þ
x-Momentum Equation:
q u
@u
@x
þ v @u
@y
 
¼  @p
@x
þ l @
2u
@x2
þ @
2u
@y2
 
ð2Þ
y-Momentum Equation:
q u
@v
@x
þ v @v
@y
 
¼  @p
@y
þ l @
2v
@x2
þ @
2v
@y2
 
ð3Þ
The thermo-physical properties (viscosity, l, density, q) of
the streaming ﬂuid (air) are dependent on the Reynolds
number (Re ¼ qU1Dl ), thereby solving the ﬂow equations. The
viscous and pressure forces acting on the cylinder are used to
calculate the drag, lift and pressure coefﬁcients.
The drag coefﬁcient is given by
Cd ¼ FD
0:5qU21D
ð4Þ
where FD is the drag force acting on the cylinder.
The force exerted on the cylinder by the periodic
ﬂuctuations of ﬂow is characterized by the lift coefﬁcient and
is given by
CL ¼ FL
0:5qU21D
ð5Þ
where FL is the lift force which acts on the cylinder in lateral
direction.
The pressure coefﬁcient is a parameter for studying the ﬂow
of incompressible ﬂuids such as water, and also the low-speed
ﬂow of compressible ﬂuids such as air. The relationship
between the dimensionless coefﬁcient and the dimensional
numbers is given as [8,9]
Cp ¼ p p1
0:5q1U
2
1
ð6Þ
where p is the pressure at the point at which pressure
coefﬁcient is being evaluated.of the problem description.
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be further simpliﬁed for incompressible, lossless, and steady
ﬂow [10]:
Cp ¼ 1 V
U1
 2
ð7Þ
where V is the velocity of the ﬂuid at the point at which
pressure coefﬁcient is being evaluated.
Recirculation length is the measurement of the recirculation
region in the direction of the ﬂow. The recirculation length is
measured from the downstream side of the cylinder to the
point where the x velocity changes sign from negative to
positive on the line of symmetry.
The skin friction coefﬁcient (Cf) is the dimensionless wall
shear stress developed on the surface and can be calculated
by using the following equation:
Cf ¼ sw
0:5q1U
2
1
ð8Þ4. Boundary conditions
The physical boundary condition for the above discussed
problem conﬁguration is written as follows:
 The left wall of the computational domain is designed as the
inlet. The ‘‘velocity inlet’’ boundary condition is assigned at
the inlet boundary with free stream velocity, U1. i.e.
u= U1; v= 0.
 The usual no-slip boundary condition is assigned for ﬂow at
the surface of the cylinder and on the upper and lower
surface of the domain. i.e. u= 0; v= 0.
 The extreme right surface of the computational domain is
assigned as outlet. The ‘‘pressure outlet’’ boundaryFigure 2 Grid distribution of cocondition is employed at the exit boundary with the zero
input value of the static gauge pressure i.e. @u
@x ¼ @v@x ¼ 0 of
Dirichlet type Pressure boundary condition (p= 0).
5. Grid structure & grid independency study
It is observed from Fig. 2, that the non-uniform triangular and
quadrilateral element grid structure for the whole computa-
tional domain is assigned. Grids are generated by using the
grid generation package GAMBIT. The expanded view of
the central block of the computational domain having the
cylinder is shown in Fig. 2, for the both positioned. The nearer
domain consisting of the cylinder has the ﬁne mesh to
adequately capture the wake wall interactions in both direc-
tions and the grids becoming coarser non-uniformly toward
the boundary wall. Whole computational domain is having 9
subblocks, in which the central block is having cylinder model
with smallest grid size of 0.07D of triangular element. The grid
size for the remaining blocks is increasing linearly in both x
and y directions 0.3D to 0.5D from central block to the
boundary line of quadrilateral mesh element.
In this present numerical study, three different mesh sizes
(Grid1-25000, Grid2-40000 and Grid3-55000) are adopted
for l0 = 0.2 and H= 5, in order to check the mesh indepen-
dency. A detailed grid independency study has been performed
and results are obtained for the recirculation length (Lr) &
drag coefﬁcient (Cd) but there is no considerable changes
between Grid2 and Grid3. The results are shown in Table 1.
Thus a grid size 40,000 is found to meet the requirements of
the both grid independency and computation time limit.
In order to investigate the inﬂuence of upstream & down-
stream length and to study the domain independency, several
trial and error cases for different upstream and downstreammputational cylinder model.
Table 1 Study of effect of grid size for grid independency test
at l0 = 0.2, H= 5.
No. of cells No. of nodes (No. of faces) Re-40 % Change
Lr Cd Lr Cd
25,000 13,000 (19,000) 2.50 1.7734 0.00 0.00
40,000 19,500 (32,000) 2.50 1.7767 0.00 0.186
55,000 28,000 (47,000) 2.50 1.7790 0.00 0.129
Table 2 Domain Independency study.
l0 = 0, H= 0 and Re= 40
Lu Cd % Change
5D 2.0109
10D 1.9327 3.9
15D 1.9482 0.8
Ld
20D 1.9272
30D 1.9325 0.275
40D 1.9327 0.010
Figure 4 Variation of recirculation length with H.
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enumerated in Table 2. It is found that the % variation of
Cd for Lu = 5D & 10D is 3.9% whereas the % variation ofTable 3 Comparison of the present numerical results with publishe
Studies Blockage Re= 40
Lr
Sen et al. [21] 0.05 2.8065
Dhiman et al. [22] 0.05 2.8220
Present 0.05 2.8106
Where Vl = literature values, Vp = present study values.
Figure 3 Variation of drag coefﬁcient with (a) nCd for Lu = 10D & 150D is 0.8%. Therefore, a length of
10D is chosen as upstream length for the whole numerical solu-
tion. It is further observed that the % change of Cd at
Ld = 20D & 30D is 0.275% and for Ld = 30D & 40D is
0.010%. Probably, the downstream should have more length
scale than the upstream because the disturbance in the ﬂow
in the up-stream is less, but at the downstream the separation
of the ﬂow and the vortex shedding from the cylinders occur
[22]. Therefore, even though the differences in the results for
various downstream distances are relatively negligible, thed data.
% error ¼ VlVpVl
 
 100%
 
Cd Lr Cd
1.7871 0.146 0.140
1.7670 0.404 0.996
1.7846
on-dimensional length (l0) and (b) angle (H).
934 P. Dey, A.Kr. Dasdownstream distance of 40D is used in this study for better
visualization of the streamline contours.
In the present investigation, the numerical simulation is
performed by using the ﬁnite volume based commercial CFD
solver FLUENT 6.3. FLUENT is used to solve the governing
equations which are the partial differential equations, using the
control volume based technique in a collected grid system. The
solver used in the present work is pressure-based implicit
method. Semi-Implicit Method for Pressure-Linked Equation
(SIMPLE) is selected for the pressure–velocity coupling
scheme. The pressure term is discretized under the scheme of
STANDARD whereas the momentum is discretized by second
order upwind scheme. The laminar viscous model is used for
the low Reynolds number consideration. The convergence
criteria for the continuity and velocity are set to 105.Figure 5 Distribution of u velocity about the center line at (a) l
Figure 6 Streamline pattern for l0 = 0.2, H= 5, thorn at (a) fron6. Validation of present results
To validate the present numerical study, the present results are
compared with the earlier studies as shown in Table 3. The cur-
rent predictions are in excellent agreement with those reported
by Dhiman et al. [22] and Sen et al. [21] for Re= 40 and
blockage 0.05.
7. Results and discussion
The present numerical results are discussed for Re= 40 for
different nondimensional thorn length l0 = 0.2, 0.4 & 0.6 and
angle of 5, 10, 15 & 20. The primary interest of the present
numerical investigation is to examine the effect of providing0 = 0.2, thorn at front and (b) l0 = 0.6, thorn placed at front.
t (b) back and for l0 = 0.6, H= 20, thorn at (c) front (d) back.
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layer, inertia force and viscous force in the wake region.
7.1. Drag co-efﬁcient and recirculation length
The variation of drag coefﬁcient with nondimensional thorn
length is demonstrated in Fig. 3(a) whereas variation with
angle is revealed in Fig. 3(b). It is clearly ﬁgured out that drag
coefﬁcient decreases with the increment of length of thorn.
When the thorn is placed at front face, it is more efﬁcient than
that of placed at back face. The Cd is rapidly decreasing, when
the thorn is placed at front with the increment of the length of
thorn.
It is also clearly informing that at l0 = 0.2, for every angle,
the value of Cd is rarely changing except at 20, whether the
thorn is placed at front or back. From Fig. 3(b), it is clearly
evident that when the angle is increasing, the Cd is notFigure 7 Boundary layer thickness with various inclination
angle of thorn (H).
Figure 8 Variation of local Re (Rex) in between wake region about th
at back.following one constant phenomenon, i.e. it increases and
decreases both. At l0 = 0.6 and H= 20, the Cd is found
minimum between the entire conﬁguration.
The variation of recirculation length with H is revealed in
Fig. 4. The increment of nondimensional length decreases the
Cd whereas the increment of angle beyond 5 cannot produce
any effect on drag irrespective of the length of the thorn and
position of the thorn (see Figs. 5 and 6).
A boundary layer may be laminar or turbulent. A laminar
boundary layer is one where the ﬂow takes place in layers, i.e.,
each layer slides past the adjacent layers. Boundary layers
appear on the surface of bodies in viscous ﬂow because the ﬂu-
id seems to attach to the surface. The boundary layer thick-
ness, d, is the distance across a boundary layer from the wall
to a point where the ﬂow velocity is 99% of the free stream
velocity. The properties of d with respect to H are unveiled
in Fig. 7. It is understood from Fig. 7 that d is not behaving
like a monotonic function. As the H increases, the value of d
remains quite same. By attaching the thorn, there is decrement
of d but it is more efﬁcient when placed at front than at rear.
7.2. Local inertia and viscous force
One of the main purposes of the present numerical study is to
evaluate the behavior of inertia force and viscous force in the
wake region. This behavior can be studied by local Reynolds
number ReX ¼ qux Xl
 
about the symmetric horizontal axis
inside the wake region. The variation of the Rex for l
0 = 0.2,
0.4 & 0.6 at angle of H= 5 & 20 is shown in Fig. 8. From
Fig. 8 it is clearly found that, from the beginning of the wake
and up to the center of wake, there is increasing effect of vis-
cous force and negligible effect of inertial force whereas,
beyond the center point and up to the end point, inertial force
gets activated by suppressing the viscous force. This is due to
the recirculation of ﬂuid ﬂow. By virtue of which, the elliptical
shaped bubble is formed. Due to the active viscous force up to
the midpoint, the initial half upward portion of bubble ise horizontal center symmetric line for (a) thorn at front & (b) thorn
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force till the end, remaining half downward portion of bubble
is formed. From Fig. 8(a), it is clearly delineated that the var-
iation of Rex for angleH= 5 & 20, has similar trends i.e. the
effect of inertial force and the viscous force are same for both
the arrangements. Because of which, the recirculation length is
same even by changing the angle irrespective of the position of
the thorn. It also revealed the information that when the length
of the thorn increases, ReX leads to approach the zero line. By
virtue of which the recirculation length is smaller for greater
length of the thorn.
Fig. 9 unfolds the behavior of the local Re ReY ¼ qvYYl
 
about the vertical axis (Y) at X= 0. It is another interesting
ﬁnding of this paper that up to a certain point the ReY is activeFigure 9 Variation of local Re (ReY) about the vertical ax
Figure 10 Pressure coefﬁcient distribution over the thorn anand then there is sudden diminishing of it to the negative value
and then again it reaches to the null point. It clearly illustrates
that up to the point at which it increases, the effect of viscous
fore is negligible due to the motion of the ﬂuid is high. At the
starting point, the value is zero which is clearly depicted in
Fig. 9, which is mainly due to the high friction at the contact
surface of the cylinder. When the point is shifted upward,
gradually the value is increasing due to the less viscous effect.
Thereafter, ReY gradually decrease to the negative values
which simply implies that the inertial force becomes weak since
the vertical velocity becomes frail. When the point is getting
closer to the boundary, the vertical velocity is approaching
the zero due to high surface friction between ﬂuid and bound-
ary layer hence the ReY again increase.is (at X= 0) for (a) thorn at front & (b) thorn at back.
d cylinder when thorn is placed (a) at front & (b) at rear.
Figure 11 Skin friction coefﬁcient distribution over the thorn and cylinder when thorn is placed (a) at front & (b) at rear.
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Fig. 10(a) & (b) represents the variation of the pressure coefﬁ-
cient over the cylinder surface for both the arrangements. The
pressure coefﬁcient is seen to be maximum at front stagnation
point (at A) and it reduces gradually then small rising up to the
rear stagnation point due to the recirculation of the ﬂuid ﬂow
on the far side of the cylinder. Both the ﬁgures are symmetrical
about the upper half part and lower half part of the cylinder
for the both conﬁgurations. When the thorn is placed at the
front side, it is found that at l0 = 0.2, H= 20, the Cp is max-
imum at front stagnation point and minimum at l0 = 0.6,
H= 5. This occurs mainly due to the ﬂow is separating at
the front stagnation point at high pressure force at l0 = 0.2,
H= 20. For similar arrangement, at the rear stagnation point
(At C), Cp is maximum for l
0 = 0.6,H= 20 and minimum for
l0 = 0.2,H= 5. This happens, as the ﬂuid separates greatly at
point A for l0 = 0.6, H= 20, and it creates less pressure force
at point C when recirculation takes place.
When the thorn is placed at rear stagnation point, the Cp at
point A is same for all thorn length and angle arrangements.
But at rear stagnation point, it is uttermost at l0 = 0.6,
H= 5 and least for l0 = 0.2, H= 5. The Cp at point C is
higher when thorn is placed at rear than it is placed at front.
Fig. 11(a) & (b) shows the discrepancy of skin friction coef-
ﬁcient (Cf) on the cylinder surface. Skin friction coefﬁcient (Cf)
is nothing but the nondimensional form of shear stress devel-
oped on the surface or it can be also expressed in terms of drag
force. The Cf at front stagnation point (at the tip of thorn, A)
when thorn is positioned at front is maximum when l0 = 0.6,
H= 20 and minimum when l0 = 0.2, H= 5 which is mainly
caused by area of contact surface with ﬂuid as it produces
shear stress. The shear stress developed at point A is more
while the thorn set down at front side than that of at rear side
as it associated with more contact area. At the rear stagnation
point (at the tip of thorn) when the thorn is situated at rear
side, the value of Cf is maximum for l
0 = 0.6, H= 5 and
minimum for l0 = 0.2, H= 5.8. Conclusions
A numerical study of two dimensional steady ﬂow over a trian-
gular extended solid (thorn) attached to square cylinder is
reported. Here, two arrangements of thorn are studied. In
one arrangement, the thorn is placed at front stagnation point
and in other it is positioned at rear stagnation point. There are
three different arrangements of nondimensional thorn length,
l0 = 0.2, 0.4 & 0.6 with four inclination angle of thorn,
H= 5, 10, 15 & 20. It is understood from the above
numerical simulations that
 The drag coefﬁcient can be reduced 2–3% by increasing the
length and enlarging the inclination angle of the thorn. It is
more efﬁcient when the thorn is placed at front side rather
than at rear side.
 The length and the inclination angle of the thorn do not
have any effect on recirculation length.
 When the thorn is arranged at rear side, it becomes more
efﬁcient to reduce the boundary layer thickness.
 There is equal contribution of both the inertial and viscous
forces to form the wake region behind the cylinder. At the
beginning of the wake, the viscous force is more active
whereas beyond the center point up to the end, the inertial
force is more active.
 There is small variation of pressure on the cylinder surface
when the thorn is placed at front but negligible variation
when it is placed at rear.
 When the thorn is placed at the front side, it is found that at
l0 = 0.2, H= 20, the Cp is maximum at point A and mini-
mum at l0 = 0.6, H= 5. The shear stress at point A is
maximum at greater thorn length when positioned at front
and quite equal at point C.
Therefore, by introducing the extended solid, a square
cylinder becomes more aerodynamic but here is quite incre-
ment of area of the cylinder model as compared with square
cylinder without thorn.
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